Landscape changes such as urbanization can dramatically affect the provision of ecosystem services such as carbon storage. However, while cities have been shown to store substantial amounts of carbon in soils and vegetation, we have little information from long-term studies about how contemporary carbon storage in urban areas compares to carbon storage in the natural ecosystems that characterized these landscapes prior to urbanization. We used historical archival sources and land-cover data to quantify and map historical tree carbon storage in the now-urban Santa Clara Valley, California, USA prior to substantial Euro-American modification (ca. 1850) and to analyze change in the amount and distribution of carbon storage over the past ca. 160 years. We estimate that total tree carbon storage in the study area was~784,000 to 2.2 million Mg (13.6-38.1 Mg C/ha) when the region was characterized by oak savanna and woodland habitats, compared to~895,000 Mg C (15.5 Mg C/ha) today. This represents a non-significant gain of 14% to a significant loss of 60% depending on scenario. We also demonstrate changes in the spatial distribution of carbon on the landscape, as losses in carbon storage in areas of former oak woodland were partially offset by gains in carbon storage in historical habitat types that historically had few or no trees. This challenges the hypothesis that aboveground carbon storage increases with urbanization in Mediterraneanclimate ecosystems due to irrigation and tree planting. Our study demonstrates the utility of using pre-1900s historical sources to reconstruct changes in ecosystem services such as carbon storage over century time scales.
Introduction
The conversion of ecosystems and landscapes to urban land-cover is a major driver of both local and global environmental change (Grimm et al., 2008) . The extent of urban areas worldwide increased 40-fold from 1700 to 2000 (Ellis, Goldewijk, Siebert, Lightman, & Ramankutty, 2010) and is expected to triple again by 2030 (Seto, Guneralp, & Hutyra, 2012) , with dramatic impacts on the ability of a landscape to provide key ecosystem services. Urbanization affects biogeochemical cycles (Pataki et al., 2011) , carbon storage (Seto et al., 2012) , biological diversity (Aronson et al., 2014) , habitat extent and distribution (Groffman et al., 2014) , and the provision of ecosystem services both within cities and outside their borders (Eigenbrod et al., 2011) . At the same time, there is also increasing recognition of the value of ecosystems in urban areas to provide benefits such as carbon storage, climate and air quality regulation, flood control, and recreational and mental health benefits (cf. Haase et al., 2014; McDonnell & MacGregor-Fors, 2016) .
For example, trees are a significant contributor to aboveground carbon storage in cities, as demonstrated by a multitude of studies (e.g., Davies, Edmondson, Heinemeyer, Leake, & Gaston, 2011; Strohbach & Haase, 2012; Nowak, Greenfield, Hoehn, & Lapoint, 2013; Raciti, Hutyra, & Newell, 2014; Reinmann, Hutyra, Trlica, & Olofsson, 2016) . However, assessments of contemporary carbon storage in cities are rarely compared to carbon storage in the former natural ecosystems that characterized these landscapes prior to urbanization. Many studies that quantify the impacts of land-use conversion and urban expansion on carbon storage focus on late 20th and early 21st century change in already modified landscapes that do not necessarily reflect former conditions (e.g., Jiang, Deng, Tang, Lei, & Chen, 2017; Pasher, McGovern, Khoury, & Duffe, 2014) , while other studies assume urban land uses store no carbon (e.g., Eigenbrod et al., 2011; Sallustio, Quatrini, Geneletti, Corona, & Marchetti, 2015; Li, Zhao, Thinh, & Xi, 2018) . Space-for-time substitutions that compare urban carbon storage to surrounding natural ecosystems (e.g., Golubiewski, 2006; McHale, Hall, Majumdar, & Grimm, 2017) suggest temporal trends, but do not quantify site-specific change over time.
(Note that while carbon storage in urban soils can be considerable, most of these studies quantify carbon stored in trees and aboveground vegetation only or use coarse land-use/land-cover based proxies for soil organic carbon; see section 4.3 for a discussion of soil carbon.) To our knowledge, no studies have examined temporal changes in carbon storage in urban areas extending before 1900. As a result, the impact of urbanization on carbon storage over century time scales, as well as how urban carbon storage compares to pre-settlement conditions, is not well understood.
In mesic climates where pre-settlement conditions were characterized by dense forest cover, long-term carbon storage change may be readily apparent, since aboveground carbon storage likely decreased over time as forested areas were cleared. In Seattle, for example, Hutyra, Yoon, Hepinstall-Cymerman, and Alberti (2011) documented ã 40% loss in aboveground tree carbon stocks with urban expansion onto forested landscapes from 1986 to 2007, while in Boston Raciti et al. (2014) found mean aboveground tree carbon storage was a quarter of that in nearby forested lands. However, in arid, semi-arid, and Mediterranean-climate ecosystems, many former grassland, savanna, and shrubland ecosystems have experienced increases in tree cover due to planting and increased water availability, making expected trends in carbon storage less clear. For example, Golubiewski (2006) showed increases in carbon storage (including soil organic carbon and aboveground herbaceous and woody vegetation) per unit area in Colorado suburbs compared to semi-arid native grassland ecosystems due to increases in woody vegetation with urbanization. However, McHale et al. (2017) showed that carbon storage in woody urban vegetation (trees and shrubs, including tree roots) per unit area in Phoenix, Arizona was lower than that in surrounding desert ecosystems as native shrubs were replaced by urban trees. For this reason, additional research is needed to understand carbon storage change in such systems.
While the value of documenting change over time in ecosystem service provision has long been recognized, the use of historical datasets to reconstruct ecosystem services over time remains uncommon (Tomscha et al., 2016) . Recent research has analyzed decadal-scale changes in ecosystem services in mountain ecosystems (Vigl, Schirpke, Tasser, & Tappeiner, 2016) , forested ecosystems (Sutherland, Bennett, & Gergel, 2016) , and agricultural landscapes (Jiang, Bullock, & Hooftman, 2013) . Such reconstructions are valuable to analyze patterns of loss and gain, identify land-use legacy effects on service provision, understand tradeoffs and synergies between services across the landscape, identify the drivers underpinning changes in service provision, and understand landscape potential to provide ecosystem services in the future (cf. Renard, Rhemtulla, & Bennett, 2015; Tomscha & Gergel, 2015; Bürgi, Silbernagel, Wu, & Kienast, 2015) . However, reconstructions that quantify and map spatio-temporal dynamics in ecosystem services over century time scales are still rare, particularly in urban and urbanizing landscapes.
Here, we use a case study from Santa Clara Valley, California, USA to (1) calculate historical tree carbon storage, (2) estimate change in tree carbon storage from pre-settlement conditions to the current urban landscape, and (3) examine the spatial distribution of carbon storage over time. We focus on tree carbon storage only (including both aboveground and belowground root biomass), hereafter referred to for simplicity as "carbon storage." By "historical" we refer to conditions in Santa Clara Valley as they existed, on average, prior to and during the early decades of Euro-American settlement (1770s-1850s, referred to here as "ca. 1850" for simplicity). Our aim is to analyze the impacts of urbanization on carbon storage in Mediterranean-climate ecosystems such as those found in Santa Clara Valley.
Methods

Study area
The study area covers approximately 579 km 2 of Santa Clara Valley (also known as Silicon Valley), located south of San Francisco Bay in California's central coast ranges in the western USA (Fig. 1) . The region is characterized by a typical Mediterranean climate with cool, wet winters and warm, dry summers, and receives an average of 250-500 mm precipitation annually. Major Euro-American landscape modifications began in the late 18th century with the establishment of the Mission Santa Clara and Pueblo of San José in 1777. Since that time, Silicon Valley has experienced a series of rapid changes in land-cover/ land-use regimes, from management by indigenous Ohlone communities prior to establishment of the Pueblo and Mission to grazing and ranching, intensive agriculture, and suburban and urban development (Grossinger, Striplen, Askevold, Brewster, & Beller, 2007) . Today, the region is almost entirely urbanized, with just under half (44%) of land area in residential land uses, 25% in commercial and industrial land uses, and 21% in transportation corridors. Open space composes only 9% of total area. It is inhabited by approximately 1.6 million people and includes San José, the 10th largest city in the United States (U.S. Census Bureau, 2010) .
Prior to agricultural intensification in the late 19th and early 20th centuries, oak savannas and woodlands (collectively referred to here as "oak lands") dominated by the deciduous valley oak (Quercus lobata) were the defining ecological feature of the valley (Beller, Salomon, & Grossinger, 2010) . Early European explorers described the valley as the "Llano de los Robles", or Plain of the Valley Oak, and described a landscape "very thickly grown with oaks of all sizes" (Font 1776 , in Bolton, 1930 . The open, park-like character of these oak lands, commented on by early observers (e.g., Vancouver, [1798 Vancouver, [ ]1984 , was likely shaped by native residents who used fire to manage vegetation growth in oak woodlands (Mensing, 2006) . Valley oaks, endemic to California, provide critical habitat for a diverse range of native mammals, birds, and other species (Davis, Baldocchi, & Tyler, 2016) . Because of their association with sheltered valleys with fertile soils and high water tables, valley oak ecosystems have been disproportionately affected by agricultural development and urbanization (Griffin, 1973) . Today, valley oak woodlands cover only 2.7% of California and compose onlỹ 1% of all oak woodland habitats across the state (Allen-Diaz, Bartolome, & McClaran, 1999; Gaman & Firman, 2006) .
Historical data sources
We used a variety of qualitative and quantitative sources to reconstruct historical carbon storage. We drew heavily on sources compiled as part of two previous historical ecology studies that produced land-cover maps of the study area ca. 1850 (Grossinger et al., 2006; Grossinger et al., 2007; and Beller et al., 2010) . These efforts used multi-source triangulation across several hundred maps, land surveys, paintings, narrative accounts, photographs, and other historical archival sources spanning the 18th to 20th centuries to produce maps of land-cover prior to significant Euro-American impact (see Grossinger et al., 2006; Grossinger et al., 2007; and Beller et al., 2010 for more details on the methods used to create these land-cover maps). Historical land-cover maps include the distribution of oak savanna and woodland as well as other terrestrial and aquatic ecosystems (see Fig. 1 ). They were used in the present effort to estimate the amount of each habitat type historically, calculate change in land-use/land-cover over time, and analyze the spatial distribution of ca. 1850 carbon storage.
The wide array of archival sources assembled by these efforts were also used to support the present analysis, including maps, narrative descriptions, land surveys, landscape photographs, and aerial imagery spanning from the first Spanish explorers' accounts in 1769 to the mid-20th century (Fig. 2) . In particular, the Public Land Survey field notes of the General Land Office (GLO) were a key source for reconstructing oak land composition and structure. The GLO survey, which surveyed public land across a grid of 36 mi 2 (94 km 2 ) townships divided into square mile (2.6 km 2 ) sections, was initiated in 1785 by the U.S. Continental Congress' Land Ordinance and reached Santa Clara Valley in 1851. The GLO recorded land-use/land-cover, along with species, diameter, and distance from the survey point for witness trees encountered at section corners and along survey lines. Spatial coverage is limited in Santa Clara Valley due to pre-existing private Mexican land grant holdings that cover approximately three-quarters of the study area; these areas were not as comprehensively surveyed as public land. However, GLO surveys still provide some of the earliest descriptions of landscape and vegetation following European contact (Bourdo, 1956) . GLO survey notes spanning from 1851 to 1888 were transcribed and brought into a GIS environment using methods adapted from the Forest Landscape Ecology Lab at the University of Wisconsin-Madison (cf. Sickley, 2001) .
Reconstruction of historical oak land characteristics
We reconstructed historical oak savanna and woodland composition and structure using information from historical datasets and analog modern ecosystems. These characteristics formed the basis for estimating and comparing per hectare biomass and carbon storage for each habitat type. The extent of oak savanna and woodland habitat was derived from previously produced historical land-cover maps (see Fig. 1 ).
To reconstruct tree species composition, we extracted witness trees surveyed by the GLO Public Land Survey that occurred on areas mapped as former oak lands. We removed riparian trees (primarily California sycamore, Platanus racemosa) from this dataset, including both trees explicitly described as riparian by GLO surveyors and hydrophilic species mapped alongside former stream channels. (Riparian carbon storage was estimated separately; see section 2.4.) We also removed undifferentiated (i.e., no species listed), non-native, and likely planted trees from the dataset.
We used GLO data to reconstruct tree diameter distributions for the three oak species found in the study area: valley oak (Quercus lobata), live oak (Q. agrifolia), and black oak (Q. kelloggii). We created probability distribution functions of tree diameters for valley oak (n = 177) by fitting the GLO witness tree diameter data to gamma distributions, which provided the best fit according to the small-sample-size-corrected . The light and dark striped areas delineate the Santa Clara Valley, California; the dark stripes represent the study area extent within the valley. The location of major cities discussed in the text are shown in (b). Panels at right show historical habitat type (c) and modern land-use (d). Note that historical and modern tidal marshlands fringing the San Francisco Bay are excluded from the study area; also note the oak savanna classification (10-25% tree cover; FGDC 1997) likely also includes some areas of grassland with occasional oaks (0-10% tree cover). (Historical habitat type from Grossinger et al., 2006; Beller et al., 2010;  modern land-use mapping from CalFire 2015.) Aikike Information Criterion metric (AICc). For live oak, we combined GLO diameter data from our study area with GLO data from adjoining portions of southern Santa Clara Valley (Whipple, Grossinger, & Davis, 2011) to provide a larger sample size of individuals (n = 65). A twosample Kolmogorov-Smirnov test comparing live oak diameter across the two regions showed no significant difference (p-value = 0.60). For live oak, Weibull and gamma distributions provided equivalent fits according to the AICc; gamma was selected for consistency across species. We used the live oak diameter distribution for black oak as well in our analysis given the low number of black oak individuals surveyed in the study area (n = 13) and the absence of significant differences between surveyed black oak and live oak diameter distributions (based on a Tukey's HSD test, p-value = 0.94). Evidence for bias in GLO surveys due to surveyor preferences and survey instructions suggests that surveyors may have avoided sampling the largest and smallest trees (Bourdo, 1956; Manies, Mladenoff, & Nordheim, 2001) . While a wide range of tree sizes were sampled by surveyors in Santa Clara Valley (3″-80″), it is unknown whether bias exists in the survey data (Whipple et al., 2011) . The probability distribution functions developed by fitting witness tree data to gamma distributions were chosen to better account for these very small and large trees (following Rhemtulla, Mladenoff, & Clayton, 2009 ; see De Lima, Batista, & Prado, 2014 for a discussion of gamma distributions in forestry and Supplementary data for additional detail).
We also used GLO data to reconstruct stand densities (oaks per ha) for oak savanna and woodland. We used the Morisita (1957) method for estimating stand density from bearing tree data, which has been shown to be more robust than other plotless density estimators in areas with small sample sizes and large-scale population non-randomness (cf. Bouldin, 2008; Cogbill et al., 2018) . After removing survey points located in riparian areas or with fewer than two bearing trees (the minimum requirement for the Morisita formula), we assembled a total of 77 survey points. We converted the recorded distances from chains and links into meters, then calculated the number of trees per hectare for each survey point in the study area.
While the Morisita formula is recognized to be superior to other density estimates for small, nonrandom populations, it is still potentially problematic given the heterogeneous spatial structure of oak savanna and woodland habitats and the low sample size of GLO survey points (Hanberry et al., 2011) . Further, the small sample size was insufficient to derive distinct estimates for oak woodland versus oak savanna. To mitigate this issue, we complemented GLO survey data with estimates from ancillary sources of information on oak land stand density. Additional historical sources included early narrative descriptions of the study area and quantitative analyses of stand density from adjoining areas and other valley oak ecosystems. We also surveyed the literature for estimates from studies in contemporary ecosystems across California (mostly coastal valleys) and derived estimates from modern aerial imagery of comparable remnant valley oak woodlands (see Table 1 ). These sources were used in addition to the GLO to derive a range of low and high stand density estimates for valley oak lands.
Estimation of historical carbon storage
We used a benefits transfer approach (i.e., extrapolation of ecosystem services across a region based on land-cover; Eigenbrod et al., 2010) to calculate carbon storage for each hectare of oak savanna and oak woodland habitat based on reconstructed tree species composition, diameter distribution, and stand density. We identified four stand densitiy estimates: low-density oak savanna, high-density oak savanna, low-density oak woodland, and high-density oak woodland. We focused on historical tree carbon only for comparability to modern urban forestry-focused carbon storage estimates (Bjorkman et al., 2015; McPherson et al., 2017) .
For each of the four stand densities, we calculated the number of trees per hectare generated from low and high stand density estimates based on a search of the literature (see Table 1 ). Estimates from the literature ranged from~1 tree/ha for oak savanna to~50 trees/ha for oak woodland; in consultation with valley oak ecosystem experts (Frank Davis, pers. comm.) we used stand density estimates of 1 (low) to 10 (high) trees/ha for oak savanna and 20 (low) to 50 (high) trees/ha for oak woodland for our analysis. We then used a Monte Carlo simulation approach to repeatedly sample (1,000 times for each of the four stand densities) from the reconstructed GLO species composition distribution and diameter probability distributions to calculate mean carbon storage and standard deviation for one hectare of each habitat type. Tree species were assigned to each individual by sampling from the GLO-derived tree species composition distribution, and then diameters were assigned by sampling from the probability distributions for each species. We then used species-specific allometric equations developed by the U.S. Forest Service for the iTree Eco v6 tool to calculate whole tree biomass, and converted to carbon using a ratio of 0.5 (iTree, 2019). Equations used by iTree were acquired and calculated in R in order to perform the Monte Carlo simulations. Per-hectare carbon storage estimates were multiplied by the area of each habitat type to scale to the full study area.
Oak lands comprised the large majority (95%) of tree-dominated land-cover in the study area historically. However, approximately 21 km 2 of extensive riparian habitats were also documented along streams and in areas of high groundwater that supported dense stands of willow (Salix spp.), cottonwood (Populus fremontii), sycamore (Platanus racemosa), box elder (Acer negundo), and other species. Given the absence of robust historical surveys documenting the composition, structure, and stand density of these habitats, we used modern data on carbon storage for comparable habitats in California to estimate carbon storage per hectare for riparian areas. Modern data were derived from carbon storage estimates for natural regeneration (i.e., unplanted) riparian forest plots (Matzek, Stella, & Ropion, 2018) . Riparian carbon storage estimates did not account for smaller riparian areas alongside smaller stream channels, as they were not mapped by previous efforts.
To analyze spatial trends in historical carbon storage across Santa Clara Valley, we converted vector maps of historical land-cover to 30-m pixels using majority vector to raster assignment, using the modern carbon storage raster map (see section 2.5) as a template to ensure spatial matching across pixels. We then assigned carbon storage estimates to each pixel by habitat type. Non-tree habitat types (e.g., chaparral and wetlands; see Fig. 1 ) were assigned a carbon storage value of zero. We developed maps for three scenarios: a "low" carbon storage scenario (using the low stand density estimates for oak savanna and woodland of 1 tree/ha and 20 trees/ha, respectively), a "high" carbon storage scenario (using the high stand density high estimates for oak savanna and woodland of 10 trees/ha and 50 trees/ha, respectively), and a "mean" carbon storage scenario (derived by calculating the mean of high and low carbon storage scenario estimates).
Carbon storage change analysis
We used summary statistics and zonal statistics in GIS to analyze change over time in carbon storage from ca. 1850 to the present day. We compared historical land-cover to modern land-use (CalFire, 2015) to analyze changes in land-use/land-cover and carbon storage. Modern carbon storage was derived from a statewide analysis that used tree data (e.g., tree species and diameter at breast height) from field plots coupled with maps of urban tree canopy derived from high-resolution Table 1 Valley oak savanna and woodland stand densities for valley floor ecosystems, compiled from historical and contemporary sources. (2019) present study
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(1-m) National Agricultural Imagery Program (NAIP) aerial imagery to calculate whole tree carbon storage in urban areas across California (Bjorkman et al., 2015 ; see also McPherson et al., 2017) . This effort mapped carbon storage across the landscape per 30-meter pixel (the resolution of urban land-use mapping), estimated by climate zone and land-use type. Biomass for each tree was calculated using urban-based allometric equations, then carbon storage was assessed using the U.S. Forest Service's CUFR Tree Carbon Calculator (https://www.fs.usda. gov/ccrc/tools/tree-carbon-calculator-ctcc, see Bjorkman et al., 2015; McPherson et al., 2017 for additional information on methods). For each of the three historical carbon storage scenarios, we quantified change in carbon storage over time by 30-meter pixel from historical (ca. 1850) to current (2013) conditions, using the modern carbon map as a template to ensure spatial matching. Changes in carbon storage were analyzed for the entire study area, by municipality, and by landcover/land-use change type.
Results
Land-use/Land-cover patterns and change
Historically two-thirds of the study region was covered by oak savanna (44% area) and oak woodland (22% area). Wet/alkali meadow covered an additional one-quarter (24%) of total area; the remaining 10% supported chaparral, riparian habitats, and perennial wetlands. The region experienced a near-complete transformation of former terrestrial and aquatic habitats over the past ca. 160 years due to agriculture and urban development. Exceptions include scattered oaks that have persisted in the suburban matrix and areas of riparian habitat along major waterways captured as "open space" in the modern landuse mapping. Former oak savanna and oak woodland habitats have primarily been converted to low-density residential land uses (39% of former oak lands), transportation corridors (22%), and commercial/ industrial land uses (21%) (Fig. 3) .
Historical oak land composition and structure
A total of 341 witness trees were surveyed by the GLO between 1851 and 1888. Sixty-eight percent of these trees (233 trees, excluding riparian and non-native species) occurred on areas mapped as oak savanna or woodland; 85% of all valley oaks occurred on areas mapped on oak savanna or woodland. The 233 trees included 152 valley oak (Q. lobata), 38 live oak (Q. agrifolia), 13 black oak (Q. kelloggi), 28 undifferentiated oak (presumed valley oak; cf. Spotswood et al., 2016) , and 2 wild cherry (Prunus ilicifolia). Since wild cherry composed < 1% of the total documented population, we excluded them from subsequent analyses.
Using these data, we estimated a savanna/woodland composition of approximately 77.9% valley oak, 16.5% live oak, and 5.6% black oak. This overall species composition was corroborated by ancillary qualitative descriptions of Santa Clara Valley oak lands, such as descriptions of "white [valley] oak intermixed occasionally with live oak" (Campbell, 1861) . Limited areas were dominated by live oak woodland rather than valley oak woodland (e.g., what is now the city of Palo Alto; Cooper, 1926) ; however, we lacked quantitative information to consistently resolve oak land composition at this level of detail. Mean diameter ranged from 50.0 ± 7.1 cm SE for black oak to 57.4 ± 5.1 cm SE for live oak and 65.4 ± 2.5 cm SE for valley oak.
In the study area, stand densities calculated from GLO survey data for oak lands ranged from 0.7 to 24 trees/ha (10th-90th percentiles). This is comparable to estimates of 1.8-48.9 trees/ha from GLO survey data in southern Santa Clara Valley adjoining the study area (Whipple et al., 2011) . A ca. 1870 textual account of oak woodland in the study area described "unbroken" oak forest averaging 25 or more trees per hectare (Cooper, 1926) . These local historical estimates are consistent with overall density ranges expected for contemporary valley oak woodland of~15-100 trees/ha (Davis et al., 2016) , along with estimates from valley oak habitats in other California valleys which ranged from < 1 tree/ha (Brown & Davis, 1991) to~50 trees/ha (Whipple et al., 2011 ; Table 1 ).
Historical carbon storage
Based on the reconstructed composition and structure for oak savanna and woodland, we estimated approximately 12.6 Mg C/ha (range 2.3-22.9) in oak savanna and 80.5 Mg C/ha (range 45.9-115.0) in oak woodland. Carbon storage in riparian habitats was estimated at 83.2 Mg C/ha (95% CI 74.2-92.5; Matzek et al., 2018) . Based on these estimates, we calculate total carbon storage across the study area of approximately 1.5 million Mg C (range 784,000 to 2.2 million). The majority (68%) of this represents carbon stored in oak woodland habitats (mean 1.0 million Mg C; range 575,000-1.4 million), followed by oak savanna (mean 317,000 Mg C; range 57,900-577,000) and riparian habitat types (mean 169,000 Mg C; range 151,000-188,000).
Carbon storage change over time
Total tree carbon storage in the contemporary landscape is estimated to be 895,000 Mg C (Bjorkman et al., 2015) . Compared to the mean and high historical carbon storage scenarios, this represents a decrease in carbon storage of~40-60% since the mid-1800 s (Fig. 4) . Compared to the low carbon storage scenario, this represents a modest and non-significant gain of 14%. Mean contemporary carbon storage is 15.5 Mg C/ha, on the low end of estimates for historical carbon storage averaged across the study area (mean 25.8 Mg C/ha; range 13.6-38.1 Mg C/ha).
The spatial distribution of carbon on the landscape has also changed over this time. In total, thirty-six percent of the landscape experienced a loss of carbon storage across all three scenarios, while 32% experienced gains (Fig. 5 ). While areas of former oak woodland lost carbon storage in all scenarios, these losses were partially offset by gains in carbon storage in areas with few or no trees historically, such as wet/alkali meadows and chaparral (Fig. 6 ). Trends in carbon change in oak savanna habitats were more variable, with net gains in carbon storage estimated in the low and mean historical carbon storage scenarios but net losses estimated in the high historical carbon storage scenario. These changes have resulted in a more homogeneous distribution of carbon in the landscape, exemplified by the fact that areas that formerly supported chaparral, oak savanna, and oak woodland habitats today exhibit no significant difference in per-hectare carbon storage. In addition, the extensive wet and alkali meadowlands that historically fringed the San Francisco Bay in low-lying areas today support large numbers of trees.
In addition, spatial trends in carbon storage change varied by city (Table 2) and land-cover/land-use change type. Many cities that have relatively low carbon storage per hectare today (e.g., Sunnyvale, Mountain View, and San Jose; see Fig. 1 ) formerly supported substantial areas of oak woodland, and experienced a loss in carbon storage across all scenarios. Conversely, cities that support high per-hectare carbon storage today (e.g., Palo Alto, Los Altos, and Los Gatos) but that historically included substantial areas of wet/alkali meadow and chaparral experienced a gain in carbon storage across all scenarios. (Note these calculations exclude upland portions of each city outside the study area.)
Patterns also emerged when comparing carbon storage change across land-cover/land-use change types. For example, conversion of oak savanna to residential land-use generated an increase carbon across all scenarios, while conversion of oak savanna to commercial/industrial land-use and transportation corridors generated gains only in the low historical carbon storage scenario, and losses of carbon storage in the mean and high historical carbon storage scenarios. Conversion of oak woodland generated decreases in carbon storage across all scenarios for all major land-cover/land-use change types, including residential, commercial/industrial, and transportation corridors.
Discussion
Here we use an array of historical and contemporary sources to calculate historical carbon storage ca. 1850 and change over the past ca. 160 years in Santa Clara Valley. Historical carbon storage is estimated to be 12.6 ± 10.3 Mg C/ha in oak savanna and 80.5 ± 34.5 Mg C/ha in oak woodland. These estimates are in line with estimates of contemporary carbon storage in California treedominated ecosystems (64 Mg C/ha; Gonzalez, Battles, Collins, Robards, & Saah, 2015) and riparian forest (83.2 Mg C/ha; Matzek et al., 2018) . We documented a significant loss of approximately half of former tree carbon storage in Santa Clara Valley over the past ca. 160 years in the mean and high historical carbon storage scenarios, and no significant change in the low historical carbon storage scenario. Large decreases in carbon storage in former oak woodland areas appear to have driven overall declines in carbon storage over this time period. However, these declines were partially offset by increases in carbon storage through the expansion of urban forest canopy into former areas of few or no trees, including former areas of chaparral in upslope portions of the valley and former wetland areas. This analysis is overall suggestive of considerable losses in carbon storage over this period, despite the large variance in historical carbon storage estimates driven by uncertainties in oak ecosystem stand densities.
In the following section, we discuss three dimensions of our findings in greater detail: the effects of land-use change on carbon storage, the challenges and uncertainties in using historical datasets to reconstruct ecosystem services such as carbon storage, and implications of our research for managing for carbon storage in the urban landscape.
Effects of past land-use change on carbon storage
Historical datasets have rarely been used to document long-term changes in carbon storage, and we are not aware of other studies that use historical archival data to quantify the effects of urbanization on carbon storage over century time scales. However, our findings are broadly consistent with long-term carbon change studies from landscapes that experienced agricultural intensification. In the United Kingdom, for example, Jiang et al. (2013) found no significant change from 1930 to 2000 in carbon storage (including soil carbon and aboveground and below-ground biomass) with agricultural intensification, as carbon lost through agricultural conversion of grassland and other land-cover/land-use types was offset by increases in woodland area. In a reconstruction of aboveground carbon storage across the state of Wisconsin from 1850 to 2000, Rhemtulla et al. (2009) estimated losses of nearly three-quarters of forest carbon storage by peak agriculture in the 1930s, followed by substantial recovery with Historical carbon storage ranges are derived from scenarios based on low and high stand density estimates for oak savanna and oak woodland; modern carbon storage is from Bjorkman et al. (2015) . White areas (0 Mg C/ha) represent areas with few or no trees (e.g., chaparral and wetland habitats ca. 1850 and paved, treeless areas in the present day). reforestation to two-thirds of former carbon storage. While we did not investigate early 20th century, agricultural-era carbon storage in Santa Clara Valley given the lack of available land-cover/land-use maps and tree survey data from this time period to assist with interpretation of aerial imagery, we would expect to see similar trends in our study area.
Given the intensive agriculture that characterized the turn-of-the-century era, it is likely that this period would similarly represent a low point in carbon storage in Santa Clara Valley after clearing of the oak lands but prior to widespread urban expansion and development of the urban forest. Future efforts to estimate carbon storage during this era would shed light on these trajectories.
Our spatially explicit reconstruction of carbon storage change across Santa Clara Valley also suggests a more uniform distribution of carbon storage across the landscape over the past two centuries. Our analysis shows large spatial variability in the distribution of tree carbon storage on the landscape historically: ca. 1850, between two-thirds and threequarters of carbon was concentrated in the oak woodlands that covered less than one-quarter of the total area, while large areas of seasonally flooded meadow were devoid of trees. Carbon lost from oak woodlands as trees were cut has been offset by carbon gained in former meadowlands and other areas with few or no trees that are now part of the urban forest. Our findings are similar to Rhemtulla et al. (2009) , who documented homogenization of aboveground carbon storage over time across the state of Wisconsin as carbon storage decreased in formerly forested areas due to logging and increased in former savannas due to settlement and fire suppression. However, our findings contrast with other studies that have found development of carbon storage and other ecosystem service "hotspots" over time as service provision is concentrated into small areas while decreasing across the overall landscape (e.g., Jiang et al., 2013; Blumstein & Thompson, 2015) .
Challenges in reconstructing long-term changes in ecosystem services
Our analysis highlights the potential utility of historical records in quantifying long-term ecosystem service change, along with the array of challenges and uncertainties inherent to such efforts. The quantification of historical carbon storage and change over time was complicated by limitations on historical data availability, in addition to known issues with land-cover proxy-based methods for estimating ecosystem services (cf. Eigenbrod et al., 2010) and the relative coarseness of the climate zone and land-use based modern carbon storage estimates at 30-m resolution available for the region.
In particular, the limited availability of early quantitative, comprehensive, and spatially explicit historical data on valley oak ecosystem stand density translated into large variations in our carbon storage estimates and contributed to uncertainty in the overall change in carbon storage over time. This data scarcity also necessitated the use of simplistic categories of "woodland" or "savanna" to estimate stand density. In many cases, the distinction between areas mapped as woodland or savanna was confirmed by multiple observers. For example, a large (> 45 km 2 ) feature known as "the Roblar" was described by numerous maps, descriptions, and surveys as a continuous and distinct body of timber found on the region's coarse loamy soils (Beller et al., 2010) . However, oak woodlands exhibit characteristic heterogeneity in structure across scales (Whipple et al., 2011; Davis et al., 2016) , and there would have been large variability in stand density both within and across habitat types at the landscape scale that we were unable to capture here.
This heterogeneity also limited the utility of the GLO surveys for density reconstruction. While GLO data have been used for estimation of stand structure and carbon storage across a broad array of forested systems (e.g., Radeloff, Mladenoff, He, & Boyce, 2011; Rhemtulla et al., 2009; Goring et al., 2016) , the low number of GLO survey points with bearing trees coupled with the clustered spatial distributions of trees in Santa Clara Valley meant we could not rely on GLO data alone for robust stand density estimations, as has been done in temperate forested ecosystems (cf. Hanberry et al., 2011; Cogbill et al., 2018 for a discussion of sample size and density estimates based on GLO data).
In our case, the high levels of uncertainty associated with historical datasets were compounded by the early and widespread transformation of valley oak habitats across California. Many California alluvial valleys formerly supported valley oak habitats; these rich, fertile lands were rapidly transformed into ranchland, agriculture, and settlements beginning in the 19th century (Griffin, 1973; Allen-Diaz et al., 1999) . In Santa Clara Valley, it was noted as early as the 1860s that the oak woodlands were "a good deal destroyed since the Americans came" (Fernandez, 1864) . By the end of the 19th century, observers described that "the forrest [sic] of oaks in the vicinity of Mountain View is being rapidly cleared and orchards planted instead" (Westdahl, 1897b) and that only a "stray one or two trees in many fields" and a few remnant oak groves remained "of all the great belts of woods that originally… swept down the whole plain of the Santa Clara valley" (Gates, 1895 ). An analysis of oak woodland change over time from southern Santa Clara Valley (to the south of our study area) estimated a 99% loss of oaks in woodland stands by the time of the first available aerial imagery in the 1930 s (Whipple et al., 2011) .
As a result, there is a lack of modern analogs and field data from intact valley oak habitats in California valleys to underpin historical reconstructions of habitat characteristics and carbon storage. Further, since most of the density estimates derived from remnant habitats (see Table 1 ) post-date direct habitat modifications from ranching, agriculture, and development, many are likely to be underestimates of former stand densities-even those from the late 19th and early 20th centuries. This has been acknowledged by many researchers: for example, Griffin (1976) estimated a stand density of 22-35 oaks/ha in valleys on the central California coast, but noted that densities were "speculated to be greater before ranching and other disturbances." While fire suppression or reduced fire frequency after Euro-American contact led to increases in oak savanna and woodland densities in many upland wildland settings (cf. Mensing, 2006) , in settled coastal valleys reductions in stand densities from intensive grazing, fuel and charcoal production, and clearing for agriculture would have likely overshadowed any effects of fire suppression on oak densities (cf. Whipple et al., 2011) .
For the present study, this meant that we were challenged by both an incomplete historical dataset and by modern analogs whose representativeness of historical conditions is unclear. However, it also underscores the value of harnessing data from early historical sources despite limitations, since such sources provide one of the few available glimpses into these landscapes prior to major impacts. Even studies that take advantage of historical aerial imagery-one of the earliest readily available historical sources, reaching back nearly 100 years-risk dramatic mischaracterization of earlier stand density, oak extent, and carbon storage given the extent of land-cover transformations already realized by that time.
Application to urban planning and ecosystem management
The ecological value of reincorporating oaks within an urban setting has been recognized in Santa Clara Valley and in other California valleys (Whipple et al., 2011; Easterday, McIntyre, Thorne, Santos, & Kelly, 2016) . In Santa Clara Valley, oaks are valuable for their ability to support native wildlife, improve regional connectivity, and withstand drought and other climate stressors compared to other common trees in the urban forest, among other benefits (Spotswood et al., 2016) . Our findings suggest these efforts to "re-oak" Santa Clara Valley have the potential to contribute to ecosystem services benefits such as carbon storage as well. Mean carbon storage in the contemporary landscape is 15.5 Mg C/ha. This is comparable to whole tree carbon storage per unit land-cover in other California urban areas such as Los Angeles (9.5 Mg C/ha), Sacramento (10.3 Mg C/ha), Oakland (11.0 Mg C/ha), and San Francisco (14.7 Mg C/ha) (Nowak et al., 2013) . It is on the lower end of the mean historical carbon storage of 25.8 ± 12.2 Mg C/ha, suggesting potential local capacity for increased carbon storage through urban forest management.
However, these opportunities are not evenly distributed across the landscape. In particular, different land-cover/land-use change types offer different opportunities for carbon storage. Eighty percent of former oak woodland habitats were found in Sunnyvale, Mountain View, and San Jose, three of the cities that today support some of the lowest urban forest canopy cover in Santa Clara County (Simpson & Gregory, 2007; CalFire, 2015) . Each of these cities have goals to increase urban tree canopy by 1-5% to increase ecosystem service benefits (Xiao et al., 2013; Bernhardt & Swiecki, 2014; Davey Resource Group, 2015) ; we suggest that the locations of former oak woodland might provide opportunities to reintroduce oaks and increase canopy cover and carbon storage where supported by current soil and groundwater conditions. More broadly, there are opportunities through California's Cap-and-Trade Program to invest in projects across the state that reduce greenhouse gas emissions, including habitat restoration (Matzek, Puleston, & Gunn, 2015) . However, there are relatively limited data on carbon storage in non-forest ecosystems in California such as savanna and woodland ecosystems (Gonzalez et al., 2015) . This lack of available data on the potential carbon storage in intact California valley oak ecosystems presents a challenge to those wishing to take advantage of the state's climate investments program for oak woodland restoration efforts. By reconstructing carbon storage in intact valley oak habitats prior to the major modifications of the 19th and 20th centuries, our findings also provide insight into the carbon storage potential of restored oak savannas and woodlands in California valleys.
Here we have focused on only one dimension of one ecosystem service-changes in carbon stored in trees. A fuller accounting of other carbon pools, including other sources of aboveground carbon, dead wood, and soil organic carbon, are also important to more fully understand carbon storage change and inform management priorities. While the majority of aboveground carbon storage would have been concentrated in oak habitats historically, California chamise chaparral habitats (shrublands dominated by Adenostoma fasciculatum) store on the order of 14 Mg C/ha in aboveground carbon (Bohlman, Underwood, & Safford, 2018) ; including these habitats in our calculations would increase estimates of historical carbon storage in woody vegetation. Soil carbon storage in oak savanna, woodland, and other habitat types, while not accounted for in our analysis, can be considerable: California valley oak woodlands are estimated to store an additional 28 Mg C/ha (Gaman, 2008) . Wetland soils also have the potential to store substantial amounts of carbon. In the western U.S., wetland soils have been estimated to store over 200 Mg C/ha (Nahlik & Fennessy, 2016) ; as a result, wetland conversion can result in the loss of significant amounts of soil organic carbon. However, it is not clear how these figures compare to organic soil carbon stored in Santa Clara Valley today, as organic carbon stored in urban soils can also be high (Edmondson, Davies, McHugh, Gaston, & Leake, 2012) . For example, estimates for soil organic carbon storage in Oakland, California ranged from 33 Mg C/ha for areas covered by impervious surfaces to 144 Mg C/ha for residential areas (Pouyat, Yesilonis, & Nowak, 2006) . As a result, the influence of including soil organic carbon in estimates of total carbon storage loss and future potential is unknown.
Finally, we stress that carbon storage is only one of the multitude of ecosystem services of management interest in urban areas. Changes in land-use and tree species composition and structure over time in Santa Clara Valley influenced not only carbon storage, but also the provisioning of services such as shade, flood mitigation, nutrient and water retention, air quality, recreation, and biodiversity support. Quantifying and mapping changes in other ecosystem services will provide a better understanding of the tradeoffs and synergies between services both across the landscape and over time.
Conclusion
Our study demonstrates the utility of using pre-1900s historical sources to reconstruct historical carbon storage across the landscape and estimate change in carbon storage over century time scales. We show changes in tree carbon storage ranging from an insignificant gain of 14% to significant losses of 40-60% over the past ca. 160 years, depending on the selected scenario, and identify areas that have experienced losses and gains in tree carbon storage over this time. Our findings suggest that in Mediterranean-climate ecosystems with heterogeneous tree cover, gains in tree carbon storage in formerly treeless areas can be offset by losses in high-biomass former woodland areas. Similar to findings from McHale et al. (2017) in Phoenix, Arizona, this challenges the idea that carbon storage necessarily increases with urbanization in arid and semiarid environments due to irrigation and tree planting. Despite uncertainties and limitations inherent to using historical datasets, we suggest that there is significant value in generating first-order approximations of change over time in carbon and other ecosystem services. We hope our research can serve as a roadmap for applying similar methodology in other urban and urbanizing areas to quantify the magnitude, spatial patterns, and drivers of changes and to understand the landscape potential to provide services in the future.
